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ABSTRACT 
Investigation of the Effect of Gel Residue on Hydraulic Fracture Conductivity Using 
Dynamic Fracture Conductivity Test. (December 2007) 
Fivman Marpaung, B.S., Bandung Institute of Technology 
Chair of Advisory Committee: Dr. A. Daniel Hill 
The key to producing gas from tight gas reservoirs is to create a long, highly 
conductive flow path, via the placement of a hydraulic fracture, to stimulate flow from the 
reservoir to the wellbore. Viscous fluid is used to transport proppant into the fracture. 
However, these same viscous fluids need to break to a thin fluid after the treatment is over 
so that the fracture fluid can be cleaned up. In shallower, lower temperature (less than 
250oF) reservoirs, the choice of a fracture fluid is very critical to the success of the 
treatment.  Current hydraulic fracturing methods in unconventional tight gas reservoirs 
have been developed largely through ad-hoc application of low-cost water fracs, with little 
optimization of the process. It seems clear that some of the standard tests and models are 
missing some of the physics of the fracturing process in low-permeability environments. 
A series of the extensive laboratory “dynamic fracture conductivity” tests have 
been conducted. Dynamic fracture conductivity is created when proppant slurry is 
pumped into a hydraulic fracture in low permeability rock. Unlike conventional fracture 
conductivity tests in which proppant is loaded into the fracture artificially, we pump 
proppant/ fracturing fluid slurries into a fracture cell, dynamically placing the proppant 
just as it occurs in the field.  
Test results indicate that increasing gel concentration decreases retained fracture 
conductivity for a constant gas flow rate and decreasing gas flow rate decreases retained 
fracture conductivity. Without breaker, the damaging effect of viscous hydraulic 
fracturing fluids on the conductivity of proppant packs is significant at temperature of 
150oF. Static conductivity testing results in higher retained fracture conductivity when 
compared to dynamic conductivity testing. 
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CHAPTER I 
INTRODUCTION 
1.1     Hydraulic Fracturing in Tight Gas Reservoirs 
Natural gas is required to meet world energy demands. This kind of energy is cleaner 
and cheaper than oil. Energy supply from conventional reservoirs is declining while 
energy demand continues to increase. To fill the gap between energy supply and 
demand, exploration and production from unconventional reservoirs becomes more 
critical to fulfill the energy demand in the near future. 
An unconventional gas reservoir contains natural gas in “difficult to produce” 
rock formations. This type of reservoir requires different or special methods for 
completion, stimulation, and/or production techniques to retrieve the resource. Natural 
gas from coal or coal bed methane, tight gas sands, shale gas, and gas hydrates are all 
examples of unconventional gas reservoirs. 
In particular, wells completed in tight reservoir rocks have to be stimulated in 
order to achieve an economically adequate production rate. Modern technologies which 
are currently used to promote economic production from tight gas reservoirs include 
hydraulic fracturing, horizontal drilling, multilateral wells, and under balanced drilling. 
Hydraulic fracturing is the most common well stimulation technique utilized in 
tight gas formations. The goal of hydraulic fracturing is to create a long, highly 
conductive flow path from the wellbore which will extend deep into the formation. This 
fracture will alter the flow paths of fluid in the reservoir and allow commercial 
production rates to be established. 
 
 
 
 
______________ 
This Thesis follows the style of SPE Journal. 
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The first fracturing treatment that was specifically designed to stimulate well 
production was conducted in the Hugoton gas field in July of 1947. This well, originally 
completed with a downhole acid treatment, was chosen for hydraulic fracturing because 
of its low deliverability and offered a direct comparison between the effectiveness of 
acidizing and fracturing (Gidley 1989). Since then, the application of hydraulic 
fracturing grew rapidly and increased the supply of oil and gas significantly. Over one 
million wells have been treatment using hydraulic fracturing methods.     
The first step of a hydraulic fracturing treatment requires the injection of a clean 
fracturing fluid at a pressure which exceeds the fracture gradient of the reservoirs. This 
initial volume of fluid is commonly referred to as the “pad” volume. The purpose of the 
pad is to breakdown the formation and to initiate a fracture. Also, the pad provides 
sufficient width in the near wellbore region to allow proppant-laden fluid to enter the 
fracture easily. After the pad has been pumped, proppant-laden fluids are pumped into 
the fracture which serves to transport propping agent. As the proppant slurry moves 
down the fracture, they will dehydrate as leakoff fluid moves into the formation and the 
gel and proppant concentration will increase. Typically, the last slurry stage pumped into 
the fracture shall have the highest proppant concentration. Ideally, the first proppant 
shall reach the fracture tip just as the final fluid pad is lost into the formation. The first 
slurry stage, which contained the lowest sand concentration, has become concentrated to 
a preselected, higher final designed so that all slurry stages have adequate concentration 
(Economides and Nolte 2000).  
 The first fracture treatment was performed with gelled crude. Later on, gelled 
kerosene was used. Presently, many different types of fracturing fluids are used in 
hydraulic fracturing treatments. Water-based polymer solutions, oil-based polymer 
solutions, water-in-oil polymer solutions, and different kind of polymers have been used 
in the industry. Aqueous fluids (such as acid, water and brines) are now commonly used 
as the base fluid for all fracturing treatments used propping agents. The use of 
crosslinking agents started in the early 1970’s to enhance the viscosity of gelled water 
base fracturing fluid. The use of crosslinked fluid requires less pounds of gelling agent to 
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obtain a desired viscosity. Different kind of additives have been used in fracturing fluid 
to compensate for different reservoir conditions such as high temperature, presence of 
clay, extensive pumping time, etc.  
For low permeability reservoirs, fracture length, fracture conductivity and 
fracturing costs are the three key issues that have the greatest effect on designing an 
optimum fracture treatment. In some cases, fracture length can be optimized in order to 
obtain optimum production rate and maximize rate of return for the investment. The 
current philosophy is that longer fractures will be more costly, while shorter fractures 
will not achieve optimum production rates. Higher fracture conductivity yields better 
well productivity. Factors hindering fracture conductivity are gel residue, proppant 
crushing, fines migration, etc. Gel residue in the fracture results from unbroken polymer. 
This residue can cause permeability impairment in the proppant pack which yields low 
fracture conductivity and decreases effective fracture length.  Effective fracture length is 
the part of a propped fracture that cleans up and contributes to gas production. Lee and 
Holditch (1981) presented the analysis of effective fracture length from hydraulically-
fractured, low permeability reservoirs. The results indicated that effective fracture length 
averaged only 5 % to 11 % of the designed length. This calculation was based on 
achieving pseudo radial flow. Peles et al. (2002) concluded that fracture length is often 
less than 10% of the total propped fracture length. Figure 1.1 shows only a portion of 
propped fracture is cleaned up because of unbroken gel in the fracture tip. 
To avoid the damaging effects of gel residue, methods which assist in fracture 
fluid clean up are needed. With such a strong correlation between production 
performance and fracture conductivity, it becomes important that we investigate methods 
which control fracture conductivity. 
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Fig 1.1: Effective Fracture Length in Hydraulically Fractured Well 
 1.2  Literature Review 
The primary goal of a hydraulic fracture is to create a highly conductive flowpath. 
Fracture conductivity has been under investigation since the inception of hydraulic 
fracturing. Conductivity is typically measured by varying proppant concentration, 
polymer concentration, temperature, etc. In 1989, the American Petroleum Institute 
(API) developed standard procedures for measuring the conductivity of proppant packs 
in the lab using the Cooke Conductivity Cell. These procedures were documented in API 
RP-61 (1989). The recommended conditions and procedure for the test includes loading 
a known proppant concentration (generally 2 lb/ft2) uniformly between two steel pistons 
at ambient temperature, maintaining closure stress for 15 minutes, pumping 2% KCl 
fluid at 2 ml/min, and finally measuring the pressure drop along the fracture and 
calculating proppant pack conductivity.  
In 1987, Stimlab made three minor changes on API RP 61 in order to get better 
result (Penny and Much 1987). Ohio sandstones were used instead of steel pistons; the 
temperature was changed to either 150 oF or 250 oF; and the stress was maintained for 50 
hours. These changes substantially reduced the measured conductivity by as much as 
Unbroken 
Polymer 
xf eff Uncleaned Area 
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85%, depending on proppant quality and test conditions (Palisch et al. 2007). 
The effect of gelling agents and fluid loss on the fracture conductivity was 
introduced by Cooke (1975). Cooke measured the amount of residue in the proppant 
pack and compared it to the prediction permeability using the Kozeny model. The 
experiment was conducted with various chemical concentrations which varied from 50 
to 480 lb/1,000 gal.  
Kim and Locasano (1985) examined the effect of fracturing fluid on proppant 
pack conductivity using an API cell without leakoff. Permeability impairment on the 
order of 30% to 50% was reported for polymer concentrations between 40 lb/Mgal to 
100 lb/Mgal. However, they did not consider the cleanup process; proppant was loaded 
manually instead of dynamically, and did not incorporate any gel filter cakes. 
Roodhart, Kulper, and Davies (1986) conducted a series of experiments to 
investigate the effect of gel damage on proppant pack conductivity by allowing fluid 
leakoff through the core during pumping and closure. Wet gas was used as a flowing 
medium in the presence of filter cake. Conductivity impairment (on the order 15% to 
75%) was obtained depending upon the fracturing fluid system. They suggested only 
10% of permeability without fracturing fluid should be assumed. This method was 
limited by an inadequate representation of the leakoff process which allowed leakoff 
from only one side of the core. Also, the experiments were limited by a manual loading 
of the proppant instead of a dynamic loading.  
Penny (1987) and McDaniel and Parker (1988) introduced a complex experiment 
to simulated field conditions. They built an experiment apparatus that permits job-like 
fluid mixing, tubing shear history, formation shear, heat up, dynamic fluid leakoff 
through formation core, and the placement of proppant. Fracture conductivity and 
permeability were measured after the cleanup process. Their focuses were on the effect 
of crosslink fracturing fluid and fluid loss additives on proppant pack conductivity and 
permeability. Significant reductions in proppant pack permeability were reported. 
Estimated polymer concentration in the fracture was 5 to 7 times the initial concentration 
(Penny 1987). However, Penny did not investigate the characteristic of fracturing fluid 
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cleanup.  
While significant progress has been made in the effort to realistically evaluate 
and quantify proppant-pack permeability due to gel damage, very little has been 
disclosed to study the effect of reservoir conditions necessary to increase fracture 
conductivity. This research, therefore, will conduct series of experiment to identify the 
effect of production rate (gas velocity) on fracture conductivity by simulating field 
condition. 
 
1.3  Problem Description 
Fracture conductivity and fracture length are two factors that determine the success of a 
fracturing treatment in tight gas sand. Low fracture conductivity in tight gas sand can 
lead to low production rate. Fracture conductivity is affected by many variables such as 
type of polymer, proppant type, gas production rate, temperature, reservoir stress, etc.  
Polymers are chosen in hydraulic fracturing because of their ability to increase 
fluid viscosity, which aids in proppant transport from the surface to the fracture tip. 
However, it is also understood that the polymers’ chains are difficult to breakdown 
which can damage/reduce the formation’s permeability and proppant pack conductivity. 
In tight gas reservoirs, this damage is responsible for lowering fracture conductivity, 
which translates to lower well productivity and potentially jeopardizes the economic 
success of the well. There is a lack of publications which discuss the effect gas flow 
rates on removing gel residue. 
In this study, a series of experiments have been performed to study the damage to 
fracture conductivity caused by gel residue remaining in the fracture. Fracture 
conductivity tests were conducted at known proppant concentrations in the past. 
Proppant was loaded manually between the fracture surfaces. This method does not 
represent field conditions where proppant/slurry is pumped through the fracture. A 
dynamic fracture conductivity test has been considered in this research project to 
accurately model how proppant conductivity is created during the fracturing process.  
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1.4        Research Objectives 
This research had three main objectives:  
1. Conduct a series of experiment with existing equipment to obtain experimental 
data for ascertaining the effects of gas flow rate and polymer concentration on 
fracture conductivity. The proppant slurry is pumped to the fracture to simulate 
the dynamic proppant placement in the field. 
2. Identify the difference between a static conductivity test and a dynamic 
conductivity test. 
3. Identify the effect of breaker on fracture conductivity. 
By achieving the above objectives, this research was able to predict more 
accurately the conductivity of a hydraulic fracture in a well drilled in tight gas 
formations based on experimental work using dynamic fracture conductivity testing 
equipment. 
Additionally, this study provides better understanding of factors affecting 
fracture conductivity in tight gas formations, which aids in the future design of 
fracturing treatments and future prediction of well performance.  
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CHAPTER II 
 EXPERIMENTAL SETUP, PROCEDURES, AND CONDITIONS    
2.1 Experimental Setup 
API has designed a standardized conductivity measurement in 1989. The purpose of 
designing a standard procedure for conductivity testing is to provide comparable and 
repeatable results. However, proppant placement in the API standard procedure does not 
represent field conditions. Proppant is loaded manually instead of dynamically. Loading 
the proppant in a dynamic manner more represents the actual field conditions. To 
simulate field conditions, Pongthunya (2007) developed an apparatus setup which 
enables the ability to place proppant dynamically. The purpose of developing dynamic 
fracture conductivity testing is to provide appropriate scaling to symbolize the field 
conditions experimentally, with flexibility for further studies of gel damage and fluid 
cleanup characteristic. 
The dynamic conductivity procedure can be divided into three parts: 
- Fracturing fluid pumping 
- Simulated gas production 
- Fracture conductivity measurement 
The pumping operation equipment consists of the following: 
- A mixing tank - to prepare the base gel and slurry mixture 
- High pressure centrifugal pumps 
- A precise crosslinker pump 
- Cylindrical heater and heating jacket - to increase the temperature to 
reservoir conditions 
- Modified API RP-61 fracture conductivity cell (API 1989) 
- A load frame to apply a load stress 
- A displacement pot 
- And data acquisition system 
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The schematic of the apparatus for fracturing fluid pumping is shown in Fig. 2.1. 
There are two tanks in the inlet of the flow line, one provides gel solution without 
proppant as a pad and the other container provides gel slurry. The injection rate can be 
adjusted down stream of the High-pressure Vessel by adjusting a needle valve. Typical 
injection rate in the experiment were between 0.7 – 1 gal/min. A cylindrical heater and 
heating jacket heat the fluid and cell to the desired experimental condition. The 
temperature used in the experiments was 150o F. 
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Fig 2.1: Pumping Schematic of Dynamic Fracture Conductivity Test (After Pongthunya 
2007) 
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Fracture conductivity measurement’s equipment consists of the following: 
- A modified API RP-61 fracture conductivity cell 
- Load frame 
- Pressure transducers 
- Data acquisition system 
- Nitrogen tanks and water chamber 
- Back pressure regulator 
The schematic of the apparatus for fracture conductivity measurement is shown 
in Fig. 2.2. A water chamber was used to simulate a wet gas. Conductivity was measured 
by flowing wet gas into the proppant packed inside the fracture and measuring the 
pressure drop across the fracture under stress conditions at different times. The cell 
pressure was kept at 50 psi during the conductivity measurement. 
 
 
Fig 2.2: Schematic of Fracture Conductivity Measurement (After Pongthunya 2007) 
To accurately measure the pressure inside the cell, four different pressure 
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transducers were used throughout each test. The first transducer measured the cell 
pressure during the pumping process, the second pressure transducer measured cell 
pressure during conductivity measurement, the third transducer measured the leakoff 
pressure, and the fourth pressure transducer measured the pressure drop along the 
proppant pack.  
 
 
Side Piston 
Inlet Port 
Outlet Port 
Pressure 
acces ports 1.75” 
7.25” 
1.75” 
 
Fig 2.3: Core Sample and Conductivity Cell Used for Experiments  
Fig 2.3 shows the modified API RP-61 conductivity cell and a typical core 
sample. Dimensions of the cell body are 10 in. long, 3-1/4 in. wide, and 8 in. height. 
Two side pistons with Viton polypack seals were used to keep the rock samples in place, 
avoid leakage, and keep the pressure in the leakoff side at the desired experiment 
condition. The cell had a rectangular shape and was constructed from stainless steel. It 
had a special internal shape consisting of a rounded edge to accommodate the rock 
sample. The rock samples used in this study had a rectangular shape with rounded edges 
to provide the best fit of the core inside the cell. Dimensions of the rocks were 7 in. long, 
1.65 in. wide, and 3 in. height. To avoid leaking from the space between the rock sample 
and cell’s wall, the rock sample was covered by a sealant material. This material not 
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only acted as a seal but also made the rock sample fit perfectly into the cell. 
 
2.2 Experimental Procedures 
To achieve the research objectives, a series of laboratory experiments were conducted. 
Fig. 2.4 shows the steps of the dynamic fracture conductivity testing experiment. Fig. 2.5 
shows step of static fracture conductivity experiment. The description of each step is 
described below. 
 
 1. Core Sample Preparation 
2. Rock Permeability Measurement 
3. Fracturing Fluid Pumping 
4. Fracture Conductivity Measurement 
5. Fracture Conductivity Calculation 
 
Fig. 2.4: Experimental Processes for Dynamic Fracture Conductivity Testing 
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 1. Core Sample Preparation 
2. Rock Permeability Measurement 
3. Fracture Conductivity Measurement 
4. Fracture Conductivity Calculation 
 
Fig. 2.5: Experimental Processes for Static Fracture Conductivity Testing 
 
Below is the procedure for dynamic conductivity testing. 
1. To prepare the rock samples, follow the guideline in section 2.2.1. 
2. Insert the bottom part of the rock sample into the conductivity cell by using a 
hydraulic jack from the bottom of the conductivity cell. Make sure the bottom 
part of the sample is located at the end of pressure reading port. 
3. Insert the top part of the rock sample into the conductivity cell. Put a shim 
into the cell. The fracture width will be equal to the shim thickness. 
4. Put the conductivity cell into the support rack. Adjust bolts to fit the bottom 
piston. 
5. Put the conductivity cell into the center of the hydraulic load frame. 
6. Make sure the conductivity cell is at a horizontal position by using the 
horizontal level meter. 
7. Activate the AP-1,000 hydraulic oil pump by opening its air supply valve. 
Open the air regulator until the bottom ram of the load frame moves up. 
Continue to move up the bottom ram of the load frame until the top part of 
the piston touches the top plate. Close the air regulator. 
8. Assemble all system lines into the conductivity cell including the outlet line, 
and the pressure reading line. Make sure all connections are tight. 
9. Open the LabVIEW file named “Hyd Slurryinjection.vi” from the laboratory 
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computer linked to the pressure transducers.  Calibrate a zero value, and then 
run the program.  This file is used to record the pumping pressure and leakoff 
pressure. 
10. Connect the nitrogen line into conductivity cell’s insert line. 
11. To measure the rock permeability, follow the guideline below. 
12. Wrap the heating jacket around the conductivity cell. 
13. Set the temperature controller of the cylindrical heaters and the heating jacket 
to a predetermined temperature. Turn on the controller to heat up the heater. 
Flow water continuously into the line through the bypass line at the 
conductivity cell as shown in Figure 2.6. Wait for around 30-60 minutes. 
 
 
Figure 2.6: Pumping Schematic through Bypass Line 
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14.  To prepare the chemicals to mix into the fracturing fluid, follow the 
guidelines in section 2.2.3. 
15. After fracturing fluid is ready to use, start flowing base gel continuously for 
10 minutes. Make sure that the base gel flows through the cell instead of the 
bypass line. Adjust the needle valve at the downstream of high-pressure 
vessel to control the flow rate.  
16. Inject proppant into the slurry mixing tank.  
17. After 10 minutes, switch the valves to stop the base gel and start flowing the 
slurry. Turn on the metering pump to inject crosslinker directly into the 
slurry. 
18. Flow the slurry for one to one and a half minutes. Make sure sand is already 
pumped to the cell by opening the valve next to conductivity cell.  
19. After pumping of the slurry is finished, immediately close the inlet valve and 
outlet valve and open the bypass valve. Switch slurry to base gel to clean the 
high pressure pump. Disconnect the inlet and the outlet line. Install a plug to 
the inlet and outlet line to prevent any leakage. 
20. After the base gel in the tank is finished pumping, continue pumping water 
for 1-2 hours. 
21.  Clean the metering pump by pumping clean water for 30 minutes. 
22. Apply closure stress gradually by opening the air regulator to AP-1,000 
hydraulic oil pump to the desired fracture closure stress. Increase the pressure 
300 psi every 3 minutes until a final value of 2000 psi is achieved. 
23. After the fracture is closed, and the closure stress reaches 2000 psi, allow the 
cell to stand for 10 hours.  
24. After 10 hours, stop the LabVIEW program and save the Excel file in the test 
result folder.  Close the leakoff valve and record the leakoff volume. 
25. Clean inlet, outlet, and pressure reading lines. Make sure all lines are clean 
and filled completely with water. 
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26. Connect the wet gas line to the conductivity cell’s inlet line.  Nitrogen will 
flow through the water chamber before entering the conductivity cell. 
27. To measure the fracture conductivity, follow the fracture conductivity 
measurement guideline in section 2.2.4.  
28. Release the hydraulic load frame pressure to lower the bottom ram of the load 
frame. 
29. Disconnect all lines from the conductivity cell. 
30. Take the rock sample out of the conductivity cell. Disconnect the 
conductivity cell assembly by using the hydraulic jack.  Disassemble the two 
pistons first; then carefully push the rock samples out together.  Measure the 
fracture width.  Open the samples and observe proppant distribution and gel 
damage inside the fracture. 
31. Clean all components of the conductivity cell. 
Below is the procedure for static conductivity measurement. 
1. To prepare the rock samples, follow the guideline in section 2.2.1. 
2. Insert the bottom part of the rock sample into the conductivity cell by using 
the hydraulic jack from the bottom of conductivity cell. Make sure the bottom 
part of the sample is located at the end of the pressure reading port. 
3. Put the conductivity cell into the support rack. Adjust bolts to fit the bottom 
piston. 
4. To prepare the chemicals to mix into the fracturing fluid, follow the guideline 
in section 2.2.3. Mix only 2 liters of fracturing fluid. 
5. Weigh the amount of proppant to produce the desired proppant concentration 
in the fracture.  
6.  After the fracturing fluid is ready to use, add a small amount of fracturing 
fluid to the proppant until the proppant is wet.  
7. Pour proppant on the rock surface inside the conductivity cells. Make sure the 
proppant is distributed uniformly. 
8. Connect the inlet and outline line of the conductivity cell. Close both inlet 
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and outlet valves. 
9. Fill up the conductivity cell with fracturing fluid.  
10. Put the conductivity cell into the center of the hydraulic load frame. 
11. Insert the rock sample in the top of the cell.  
12. Make sure the conductivity cell is at the horizontal position by using a 
horizontal level meter. 
13. Activate the AP-1,000 hydraulic oil pump by opening the air supply valve. 
Open the air regulator until the bottom ram of load frame moves up. Continue 
to move up the bottom ram of the load frame while slowly opening the inlet 
and outlet valves to discharge any excess fracturing fluid. Stop when the rock 
sample is located inside the conductivity cell.  
14. Assemble the top piston into the conductivity cell by lowering the load frame. 
15. Move up the bottom ram of the load frame until the fracture width inside the 
cell reaches the desired width. Close the air regulator. 
16. Close the inlet and outlet valves.  
17. Follow Steps 22-31 of the dynamic fracture conductivity measurement 
procedure above.  
 
2.2.1 Core Sample Preparation 
Low permeability sandstones are used in this experiment to simulate field conditions of a 
tight gas fracturing treatment. The rocks are custom cut to a rectangular shape with 
rounded edges to fit into the conductivity cell. To provide a better seal between the rock 
sample and the conductivity cell, rock samples are covered with silicone rubber. The 
core dimension is 7 in. long, 1.65 in. wide, and 3 in. in height. Below is the procedure to 
prepare the rock samples. 
1. Prepare a couple of rock samples that will be molded. Make sure the rock 
samples are clean.  
2. Put blue tape on the top and bottom surface, cutting edges with razor cutter. 
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3. Brush the edges of the rock surfaces with the silicone primer (SS415501P) 
three (3) times. Allow 15 minutes waiting time in between primer 
applications. 
4. Clean the metal molds with acetone by using a cloth. Make sure the surface is 
very clean. 
5. Spray Sprayon S00315 on the metal molds three (3) times. Wait for two (2) 
minutes between each spray. 
6. Assemble the molds; tighten the four screws on the bottom and the three 
screws on the side.  Make sure all bolts are tight. 
7. Put the rock in the center of the mold. 
8. Prepare 75 cc of silicone potting compound and 75 cc of silicone curing agent 
from the RTV 627 022 kit. Mix and stir it thoroughly.  
9. Pour the silicone mixture into a syringe barrel. Assemble the injection 
system.  
10. Slowly inject the mixture into the gap between the core sample and the mold 
until it reaches the top of the rock sample.  
11. Remove the top duct tapes and put the molds into the oven at 60°C for 2-3 
hours.  
12. Remove the molds from the oven and wait for two (2) hours until the molds 
temperature decreases.  
13. Unscrew all the bolts from the mold and carefully remove the samples from 
the mold.   
14. Label the rock sample. The rock sample is now ready to use. 
 
2.2.2 Rock Permeability Measurement 
To simulate a real tight gas sand formation, low permeability rocks were used for this 
experiment. The rock permeability for this experiment is between 0.5 – 3 mD. We used 
similar sandstone for each experiment. Below is the procedure to measure rock 
permeability. 
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1. Follow the instructions for preparing rock sample above. 
2. Prepare the rock sample and put the rock sample into the conductivity cell. 
3. Close the outline valve so the flow direction is flowing from the fracture into 
the leakoff line. 
4. Make sure the gas flow meter shows a zero reading before starting the flow 
of nitrogen. 
5. Open the nitrogen regulator to begin the flow of nitrogen.  Check if there is 
any leakage.  
6. Control the gas flow rate by adjusting the mass flow controller.  
7. Record the gas flow rate, cell pressure, and leakoff pressure. Vary the gas 
flow rate from 1 to 5 L/minute.  
8. Calculate the rock permeability using the Forcheimer’s equation. 
 
2.2.3 Fracturing Fluid Mixing 
A service company has provided chemicals that have been used in the real fracturing 
jobs in the field. Below is the general mixing procedure: 
1. Make sure both tanks are clean. 
2. Add tap water into the mixing tank. 
3. Add polymer into the mixing tank and mix the polymer solution. 
4. Slowly add pH Buffer#1 until the mixing fluid reaches a pH of 6.5. 
5. Mix base gel for 30 minutes to allow the gel adequate hydration time. 
6. Transfer a volume of pad into another tank. 
7. Slowly add pH Buffer#2 to the mixing tank until fluid reaches a pH of 10.  
8. Add breaker, breaker activator and gel stabilizer if necessary based on the 
recipe into the mixing tank. 
9. Add proppant into the mixing tank until it reaches the desired concentration. 
10. Mix crosslinker and crosslink activator (if necessary) and connect to the 
metering pump. Crosslinker will be injected on the fly into upstream of the 
high pressure pump. 
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2.2.4 Fracture Conductivity Measurement 
Measuring fracture conductivity is a long process that can take up to 48 hours. This 
process is a continuous process which begins when the slurry is pumped. Below is the 
procedure for measuring fracture conductivity. 
1. Follow the guideline for core preparation, rock permeability measurement, 
and fluid pumping above.  
2. Calibrate the mass flow controller to zero point by adjusting flow controller 
to the closed position and wait until the reading is zero. 
3. Open LabVIEW to record pressure from the pressure transducer. Calibrate 
LabView until the LabView reading is the same as the pressure transducer 
reading. 
4. Open the nitrogen regulator and mass flow controller to flow gas into the 
conductivity cell. 
5. Check all lines for leakage. Close the nitrogen regulator if leakage is found 
and repair the leak. Repeat the process from step 2 if leakage is found. 
6. Adjust nitrogen regulator, back pressure regulator, and mass flow controller 
until the cell pressure reading reaches 50 psi and the gas flow rate reaches ± 3 
slm.  
7. Wait until flow rates and pressure readings stabilize and record the gas flow 
rate, cell pressure, and differential pressure. 
8. Vary the gas flow rate from 3 to 10 slm to get five data sets at cell pressure ± 
50 psi. To increase gas flow rate, open the nitrogen regulator.  
9. After reading 5 points, close the nitrogen regulator. 
10. Continue the flow of nitrogen at a low predetermined rate for a 
predetermined time.  
11. After flowing nitrogen for certain time, repeat Step 6 to 9 to get data points 
for the fracture conductivity calculation.  
12. Turn off the nitrogen flow and disconnect all lines to the conductivity cell.  
13. Remove the rock sample from the cell with the hydraulic jack.  
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14. Calculate the fracture conductivity by using Forcheimer’s equation (Equation 
2.1). 
To calculate fracture conductivity (kfw) from the experimental data, Eq. 2.1 can 
be arranged as a straight line equation, y = mx + c, where 
h
q
µ
ρ
 is the x-axis, and 
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 is the y-axis. The y-intercept is the inverse of the fracture conductivity 
(kfw).  Pressure drop (p1 & p2) was measured in the lab at five different gas flow rates (q) 
at 2000 psi closure stress. Other variables are detailed in Table 2.1 below. Fracture 
conductivity was measured at different times for one experiment to study the fracture 
fluid clean up characteristic and gel damage. Once the fracture conductivity reached a 
stable value, the experiment was stopped. Other experiments with different gas flow 
rates or gel concentrations were then performed. 
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Table 2.1- Data Used for Conductivity Calculations 
Length over pressure drop (L) 5.25 in 
Compressibility factor (Z) 1  
Universal constant (R) 8.3144 J/mol K 
Temperature (T) 293.15 K 
RMM of Nitrogen (M) 0.028 kg / kg mole 
Viscosity of Nitrogen () 1.795E-05 Pa. s 
Density of Nitrogen () 1.16085 Kg/m3 
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2.3 Experimental Conditions 
Accurate fracture conductivity measurements are the key to this research. After careful 
investigation and study to previous research, the following parameters were adopted. 
 
2.3.1 Fracturing Fluid Composition and Conditioning  
A simple fracturing fluid composition is selected and provided by a service company for 
this experiment. This fracturing fluid was selected due to its similarity to the actual 
fracturing job operations in tight gas sands. Guar polymer is used as a base gel for this 
experiment. All experiments are conducted at 150oF. 
The composition of the fracturing fluids used for the series of experiment is 
shown in Table 2.2 below. 
 
Table 2.2- Fracturing Fluid Recipes 
Chemical Concentration 
Guar, lb/Mgal 30-50 
pH Buffer #1 to pH 6.5 
pH Buffer #2 to pH 10.0 
Breaker, gal/Mgal 10 
Breaker activator, gal/Mgal 1.0 
Borate crosslinker, gal/Mgal 0.9 
Crosslink accelerator, gal/Mgal 0.2 
 
 
The components for the selected fracturing fluid are as follows: 
1. Guar. Dry polymer guar is used to form a viscous base gel fluid. 
2. pH Buffer. Liquid weak acid and liquid carbonate are used to control pH 
which is important for polymer hydration rate and crosslinking rate.  
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3. Breaker. The purpose of breaker is to reduce the viscosity of the polymer 
solution and provide rapid fluid clean up. An oxidizer breaker is used in this 
experiment.   
4. Breaker activator. Another type of oxidizer breaker is used to activate breaker 
because of the low temperature environment. 
5. Crosslinker. To increase gel viscosity and give better proppant transport 
capability, borate crosslinker is used for this experiment. 
6. Crosslink accelerator. To accelerate the crosslink time, crosslink accelerator 
is used for this experiment because the pipe time is very short. 
 
2.3.2 Pumping Rate 
Pumping rates in this experiment were selected to simulate actual fracturing treatment in 
the field. The most important parameter is the flux (v). We matched the flux of real 
fracture treatments in the reservoir to match laboratory condition. Pongthunya (2007) 
calculated that a pumping rate 0.7 gal/min is required to simulate the actual field 
treatments at the laboratory scale. She assumed the flux at field condition was 33.31 
ft/min and the fracture width at laboratory conditions is 0.25 in. The series of 
experiments in this study were conducted at a fracture width of 0.475 in.  
Equation 2.2 shows the calculation of a pumping rate for laboratory conditions.  
lablabffieldlab hwvq ,=                        (2.2) 
)044.0)(012.0)(sec/1692.0( mmmqlab =  
min/4.1sec/1098.8 35 galormqlab
−×=  
The pumping rate utilized in this series of experiment was 0.8-1.2 gal/min. 
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2.3.3 Nitrogen Rate 
Wet nitrogen is used in these experiments to simulate gas flow in a fracture. The 
nitrogen rate was calculated to produce similar flux condition to gas flowing in a real 
fracture.  
Tables 2.3 and 2.4 are typical data for the fracture in the conductivity cell and a 
hydraulically fractured well. 
 
Table 2.3    Laboratory Fracture Conditions 
Fracture height(h) 1.75 in 
Fracture width (w) 0.073 in 
Cell Temperature (T) 150 F 
Cell Pressure (pwf) 50 psi 
 
 
Table 2.4 Reservoir Fracture Conditions 
Fracture height(h) 100 ft 
Fracture width (w) 0.25 in 
Reservoir Temperature (T) 250 F 
Wellbore Flowing Pressure (pwf) 1000 psi 
 
By applying all values from the Tables above, we can calculate the flux and 
production rate from a hydraulically fractured well with the following calculation: 
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Gas flux at laboratory condition is 46.63 ft/min.  
In the real fracture, 
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Where q is the injection rate, Bg is the formation volume factor, A is area, T is 
temperature, p is pressure, w is fracture width, and h is fracture height. 
Nitrogen gas was flowed through the fracture at flow rates of 0.2, 0.5, 0.75 and 
1.0 SLM to simulate typical field conditions. These flow rates were chosen to simulate 
the production rate of gas in one wing of a hydraulically fractured well of 560, 1,400, 
2,100, and 2,800 MSCFD. 
 
2.3.4 Proppant Size 
Carbo Ceramics has provided proppant with 30-50 mesh size. 30-50 mesh size proppant 
is common in tight gas formations in Texas. Since we will not study the effect of 
proppant size, 30-50 mesh proppant is appropriate to achieve the objective of this 
research. 
 
2.3.5 Polymer Concentration 
The purpose of using polymer is to provide fracture width and transport proppant. Guar 
polymer was used as it is the most commonly used gelling agent. The purpose of using 
polymer is to transport proppant from the surface to the fracture tip. The concentration 
varies from 30 to 50 lb/Mgal as this is a common gel concentration in the real fracturing 
job. 
 
2.3.6 Shut in Time 
Shut in time was determined as a factor of gel breaking time. 10 hours shut in time was 
selected due to the fact that polymer is designed to break in 3-5 hours. 
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2.3.7 Temperature 
Temperature will affect gel breaking performance. In this series of experiments, 150o F 
has been selected as a cell temperature. For future experiments, varying cell temperature 
conditions will give a better understanding of fluid performance.  
 
2.4 Comparison of Laboratory Condition 
The development of the fracture conductivity testing has evolved considerably. The first 
tests were conducted by Cooke (1975). He developed a laboratory apparatus to measure 
residue per volume of fracturing fluid and introduced a correlation to calculate gas flow 
through the propped fracture by considering inertial and turbulence effects. Proppant 
was packed in vertical positions as can be seen in Fig. 2.6. Figure 2.7 shows a core 
sample used for different experimental studies. API (1989) developed a standard process 
and introduced thin metal plate as a material to pack proppant. Later on, Penny (1987) 
replaced the metal plate with Ohio sandstone which allowed a filter cake to build up. 
Pongthunya (2007) introduced a three (3) inch height core sample for conductivity 
measurements to allow better control of leakoff through the rock sample.   
 
 
Fig. 2.7:   Cooke (1975) Model to Simulate Proppant Packing 
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         a) API RP61, 1989           b) Penny, 1987                 c) Pongthunya, 2007    
Fig. 2.8:  Core Sample Size Comparison 
 
Concerning the medium and flow rate, API and Penny used brine water as a 
medium for conductivity measurement. Gas was initially introduced by Roodhart (1986). 
API (1989) proposed flow rate 1 – 10 ml/min while Penny used 2 ml/min as a brine flow 
rate. Roodhart did not mention the flow rate he used for his experiments. We calculated 
a wet nitrogen flow rate of 0.2, 0.5, 0.75, and 1 slm to reproduce flux condition observed 
in real fractures.  
Many kinds of polymers have been used to study fracture conductivity at 
proppant pack. We have used guar as a base gel to study fracture clean up 
characteristics.  
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CHAPTER III 
RESULTS AND DISCUSSION 
We conducted a series of experiments using Kentucky sandstone with different polymer 
concentrations, at a temperature of 150oF. For each rock tested, wet nitrogen was flowed 
through the fracture at different flux rates. To evaluate the consistency of our experiment 
result and experiment procedures, some of the experiments were repeated with the same 
condition. Final conductivity values are presented in a tabulated format in Appendix A 
for all tests. The dynamic experimental conditions are summarized in Table 3.1. Table 
3.2 summarizes the conditions for static conductivity testing. The purpose of running 
static conductivity testing was to evaluate the differences between static conductivity 
testing and dynamic conductivity testing, which we developed here.  
 
Table 3.1: Summary of Dynamic Conductivity Testing Conditions 
Polymer 
Conc. Gas Rate Test No (lb/Mgal) (slm) 
1 30 0.2 
2 30 0.2 
3 30 0.5 
4 30 0.5 
5 30 0.75 
6 30 1 
7 30 1 
8 40 0.2 
9 40 0.5 
10 40 0.75 
11 50 1 
12 50 0.2 
13 50 0.5 
14 50 0.75 
15 50 1 
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Table 3.2: Summary of Static Conductivity Testing Conditions 
Polymer 
Conc. Gas Rate Test No (lb/Mgal) (slm) 
 16 30 0.2 
 17 30 0.5 
 18 30 0.75 
 19 30 1 
 20 50 0.2 
 21 50 0.5 
 22 50 1 
 
 
Table 3.3: Summary of Dynamic Conductivity Testing without Breaker Conditions 
Polymer 
Conc. Gas Rate  Test No (lb/Mgal) (slm) 
 23 30 0.2 
 24 30 0.75 
 25 30 1 
 26 50 0.2 
 27 50 0.5 
 28 50 0.75 
 29 50 1 
 
 
Table 3.3 summarizes experimental conditions for the dynamic conductivity test 
without gel breaker in fracturing fluid. For each test, the gel cleanup efficiency 
correlation between polymer concentration and gas flow rate change is different, and 
they are discussed respectively. All experimental data, including complete results and 
conductivity behavior are presented for each test in Appendices A, B, and C. 
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3.1  API Standard Test 
API developed a standard procedure to measure proppant pack conductivity. To evaluate 
our equipment and test cell conditions, some standard tests were conducted using the 
modified conductivity cell. The objective of this test was to make sure that our 
equipment runs well and will produce values that are consistent with published data for 
the same proppant concentration and proppant size. Carbo Ceramics provided calculated 
conductivity data for 30/50 Econoprop proppant using PredictK software. Table 3.4 
summarizes ideal proppant pack conductivity data for different proppant concentration 
(Carbo Ceramics 2007). 
 
Table 3.4: Ideal Fracture Conductivity 
Proppant 
Conc. 
Stress Proppant Pack 
Conductivity 
Pack 
Width  
(lb/ft2) (psi) (md-ft) (in) 
0.5 2000 1160 0.0564 
0.75 2000 1750 0.0853 
1 2000 2340 0.1142 
1.5 2000 3530 0.1719 
2 2000 4710 0.2297 
 
 
Table 3.5 shows conductivity values for different proppant concentrations and 
respective reference values. The reference conductivity for 2 lb/sq-ft concentrations is 
4710 md-ft. As shown from Fig. 3.1 and Fig 3.2, we successfully reproduced published 
conductivity data by Carbo Ceramics for the same proppant concentration. Dash lines in 
Fig. 3.2 are reference conductivity provided by Carbo Ceramics while Test 30, 31, and 
32 are proppant packs conductivity experiment results using API standard procedures. 
This indicated that our equipment was running well. 
 
 
 
 
 32 
Table 3.5: Summary of API Standard Test 
Proppant 
Conc. 
Fracture 
Cond. 
Reference 
Cond. Test 
No (lb/ft2) (md-ft) (md-ft) 
 30 1.76 4148.1 4134.1 
 31 1.18 2432.4 2761.8 
 32 0.62 1325.7 1448.2 
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Figure 3.1: Comparison with Standard API Test  
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Figure 3.2: Conductivity of Static Test 
 
3.2  Fracturing Fluid Cleanup 
Figure 3.3 represents fracture conductivity behavior for a certain time which occurred 
during the fracture conductivity clean up experimental series. This experiment was 
conducted at polymer concentration of 40 lb/Mgal, gas rate of 1 slm, and temperature of 
1500F.  The graph shows that the clean up process started as gas began to flow through 
the fracture. As the fracture became cleaner, conductivity values increased and reached a 
stable conductivity. At the last point, the fracture conductivity value is decreasing 
because of equipment accuracy. All clean up behavior graphs can be seen in Appendices 
B and C. 
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Figure 3.3: Conductivity Characteristic After Flowing Nitrogen for Certain Times 
 
To judge the variables influencing fracturing fluid clean up, we compared 
conductivity experiment results with ideal proppant packs conductivity data provided by 
Carbo Ceramics. This can help to characterize fracturing fluid clean up efficiency. This 
term is calculates as follows: 
idealf
erimentf
c
wk
wk
R exp=                                                                                (3.1) 
where Rc is conductivity ratio and  kfw is fracture conductivity. Gel clean up efficiency 
(%) is Rc multiplied by 100.  
The conductivity ratio is the final experimental proppant conductivity normalized 
with the ideal proppant conductivity; it shows how efficient wet gas is in cleaning up 
fracturing fluid inside the fracture. If the conductivity ratio is equal to 1, the gas removed 
all fracturing fluid from the proppant pack. A value less than one indicates reduction of 
the flow path because of gel left inside the proppant pore space. A value larger than 1 
indicates channeling is happening in the fracture or the proppant did not distribute 
uniformly in the fracture. 
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Figures 3.4 and 3.5 shows how the proppant was distributed in the fracture in a 
typical experiment. 
 
 
 
Figure 3.4:   Proppant Distribution Inside the Fracture After Closing 
 
 
 
Figure 3.5:   Side view and Front view of Core Sample After Experiment 
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3.3  Dynamic Fracture Conductivity Test 
Table 3.6 shows the experimental conditions and results for the dynamic conductivity 
tests. Breaker was used for these experiments. Gel concentration was 30, 40, and 50 
lb/Mgal while gas flow rate was varied from 0.2 to 1 slm. 
 
Table 3.6: Dynamic Conductivity Testing Results 
Gel 
Conc. 
Gas 
Rate 
Prop 
Conc. 
Fracture 
Cond. 
Cleanup 
Efficiency Test No 
(lb/Mgal) (slm) (lb/ft2) (md-ft) (%) 
1 30 0.2 0.313 99.46 13.91 
2 30 0.2 0.582 212 15.68 
3 30 0.5 0.520 328.69 27.27 
4 30 0.5 0.612 423 29.71 
5 30 0.75 0.581 560 41.45 
6 30 1 0.407 572 61.02 
7 30 1 0.529 760.04 61.92 
8 40 0.2 0.499 140 12.12 
9 40 0.5 0.313 155.5 21.72 
10 40 0.75 0.371 340.76 39.89 
11 40 1 0.483 620.45 55.46 
12 50 0.2 0.446 82.6 8.02 
13 50 0.5 0.587 253 18.54 
14 50 0.75 0.321 280 38.14 
15 50 1 0.403 457 49.20 
 
 
Figure 3.6 shows the effect of polymer concentration on the gel cleanup 
efficiency. The experimental data showed that polymer concentration has a direct 
influence on gel cleanup efficiency though it is not a large effect. The experiments were 
run with three different gel concentrations: 30, 40, and 50 lb/Mgal. The general trend 
was: higher polymer concentration gave lower gel cleanup efficiency. Figure 3.6 
illustrates this trend for different polymer concentration; this trend remains valid for 
every experiment with different gas flow rate performed. At gas flow rate of 1 SLM, the 
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gel cleanup efficiency decreases from 62% to 49% when gel concentration increases 
from 30 to 50 lbm/Mgal.  
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Fig 3.6 Gel Cleanup Efficiency Values for Different Polymer Concentration 
Decreasing gel cleanup efficiency by increasing polymer concentration can be 
explained as gel residue concentration in the fracture after closure has increased when 
polymer concentration increases. The residual gel damage has the effect of plugging 
proppant pore spaces and throats. In addition to residual gel, during the fracture 
stimulation, a filter cake builds on the fracture face and the thicker of the filter cake is 
related to gel loading. The gel residue is difficult to remove. 
Figure 3.7 shows the effect of gas flux rate on the gel cleanup efficiency. The 
experimental data shows that gas flux strongly influences the gel cleanup efficiency. The 
experiments were run with four different gas fluxes: 46, 34.5, 24, and 9.6 ft/s. The 
general trend was that the higher gas flux gave higher gel cleanup efficiency. Figure 3.7 
illustrates this trend for different gas fluxes; this trend remained valid for every 
experiment with different polymer concentration performed. At polymer concentration 
of 30 lb/Mgal, the retained conductivity increased from 13% to 62% when gas flux 
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increased from 9.6 to 46 ft/min. For low flow rates, there was not enough energy to 
remove gel residue inside the fracture, resulting in lower gel cleanup efficiency.  
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Fig 3.7 Gel Cleanup Efficiency Values for Different Gas Flux 
 
Comparing the effect of gel concentration and gas flux to proppant retained 
conductivity, we concluded that gas flow rate affects gel cleanup efficiency more as 
compared to polymer loading concentration. 
 
3.4  Dynamic Fracture Conductivity without Adding Gel Breaker 
Fracturing fluid that we used contains water thickened by guar polymer. This thickened 
water transported proppant into the fracture. This viscous fracturing fluid must be 
removed from proppant pack without damaging conductivity of proppant. Breaker has to 
thin fracturing fluid so it is easy to remove. Breaker reduces the molecular weight of the 
polymer by cutting the long polymer chains. Even though breaker had been added to our 
fluid, it was still difficult to remove all the fracturing fluid. Some operators companies 
are reluctant to use breaker (Holditch, 2007). Adding breaker to fracturing fluid may 
cause the fracturing fluid to break before it is entering the fracture and cause screen out 
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because proppant will settle down and accumulates. Pumping fracturing fluid without 
breaker will make fracturing fluid difficult to break and difficult to cleanup.  As can be 
seen from Fig 3.7, we could not get 100% cleanup of the gel.  
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Figure 3.8: Gel Cleanup Efficiency Results Comparison 
 
Figure 3.8 shows the dynamic conductivity result for fracturing fluid with and without 
breaker. Pumping fracturing fluid without added breaker at 150oF has decreased 
conductivity significantly even though we have high energy from gas flux to clean up 
the fracture. Gel residue stayed in the fracture.  
 
3.5  Static Test 
API developed a standard procedure for measuring proppant conductivity. Fracture 
conductivity tests were conducted at known proppant concentrations. Proppant was 
loaded manually between the fracture surfaces and fracturing fluid was injected slowly 
without causing any damage to proppant pack. The procedures do not represent field 
condition where proppant was pumped with fracturing fluid to the fracture. Fig 3.9 and 
Fig 3.10 present comparisons between static conductivity testing and dynamic 
 40 
conductivity testing. All experiments were conducted at 1500 F. We focused only on 30 
and 50 lb/Mgal. 
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Figure 3.9: Static and Dynamic Conductivity Results for 30 lb/Mgal 
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Figure 3.10: Static and Dynamic Conductivity Results for 50 lb/Mgal 
 41 
As shown from the figures above, more gel cleanup efficiency was obtained in 
the static conductivity testing compared to dynamic conductivity testing. This trend was 
the same for 30 and 50 lb/Mgal. Dynamic conductivity testing apparently created more 
filter cake when fracturing fluid was pumped into the fracture. The static test misses this 
step and the filter cake created when the fracture closes is apparenltly less than filter 
cake created in dynamic conductivity testing.  
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CHAPTER IV 
CONCLUSIONS AND RECOMMENDATIONS 
4.1  Conclusions 
A dynamic conductivity testing apparatus was developed, set up, and tested. A series of 
experiments were conducted to determine the effect of relevant variables. The resulting 
conclusions are: 
1. Polymer concentration has a clear, but small impact on fracture conductivity. 
Higher polymer concentration will decrease cleanup efficiency. It can be 
explained that gel residue concentration in the fracture after closure increased 
when polymer concentration increased.  
2. Gas flux has a large effect on cleanup efficiency. Higher gas flux increases gel 
cleanup efficiency. Higher gas flux apparently increases gel cleanup efficiency 
because of the increase drag force at higher flow rate cleans more gel residue 
inside the fracture compared to lower flow rate.  
3. Gas flux affects gel cleanup efficiency more compared to polymer loading 
concentration. Decreasing polymer concentration from 50 to 30 lb/Mgal 
increases cleanup efficiency up to 42%. Increasing gas flux from 9 to 46 ft/sec 
increased cleanup efficiency up to 500%.  
4. We have succesfully reproduced proppant conductivity values from published 
data.  
5. Static test will give higher cleanup efficiency compared to dynamic conductivity 
tests. This can be explained by the fact that dynamic conductivity testing creates 
more filter cake from the pad pumped before injecting the slurry. 
6. Breaker increases cleanup efficiency. Depending on gas flux and polymer 
concentration, fracturing fluid with breaker has cleanup efficiency 1 to 3.5 times 
larger than fracturing fluid without breaker. 
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4.2  Recommendations 
We have been successful in performing dynamic conductivity testing experiments in a 
laboratory facility that gives more representative field conditions than previous 
experiment. However, the condition of the equipment needs improvement, especially on 
the pumping equipment. We need a better high pressure pump to simulate real fractures 
with net pressures of 500 – 1000 psi.  
Analysis of retained conductivity can be improved by measuring gel residue 
concentration left in the fracture. We would be able to see capability of gas flux to 
remove gel residue and compare cleanup efficiency to gas flux and gel residue 
concentration.  
Other variables influencing fracturing fluid clean up characteristics are to be 
investigated further. This work does not consider all variables that impact fracturing 
fluid clean up characteristic. The variables are: 
- Temperature. Temperature affects the breaking capability of fracturing fluid and 
fracturing fluids properties. Reservoir temperature above 220oF will not cause 
any problem to thinning fracturing fluid.  
- Polymer type. Many kinds of polymers are available in the market for fracturing 
purposes and each will likely deliver different result to cleanup efficiency.  
- Proppant loading. This experiment was conducted at low proppant concentration 
due to equipment limitation. Increasing proppant concentration to the industry 
standard of 2 lb/ft2 will make the result more acceptable to industry. 
Finally, these experiments provide a basis for better understanding of fracturing 
fluid clean up characteristic. We carefully quantified clean up behavior for different gas 
flux. However, extensive additional experiments are recommended to properly relate the 
parameters above to fluid clean up characteristics.  
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APPENDIX A 
FRACTURE CONDUCTIVITY VALUE FOR EACH TEST 
 
Table A.1: Conductivity and Gel Cleanup Efficiency Values for Dynamic Conductivity 
Testing 
Gel 
Conc 
Gas 
Rate 
Prop 
Weight 
Prop 
Conc Fracture Cond. 
Ideal 
Cond. 
Cleanup 
Efficiency Test No 
(lb/Mgal) (slm) (gr) (lb/ft2) (md-ft) (md -ft) (%) 
1 30 0.2 11.841 0.313 99.46 714.8 13.91 
2 30 0.2 22.0385 0.582 212 1352.4 15.68 
3 30 0.5 19.6875 0.520 328.69 1205.4 27.27 
4 30 0.5 23.181 0.612 423 1423.8 29.71 
5 30 0.75 22.0154 0.581 560 1351.0 41.45 
6 30 1 15.4 0.407 572 937.3 61.02 
7 30 1 20.0388 0.529 760.04 1227.4 61.92 
8 40 0.2 18.8894 0.499 140 1155.5 12.12 
9 40 0.5 11.8613 0.313 155.5 716.1 21.72 
10 40 0.75 14.0718 0.371 340.76 854.3 39.89 
11 40 1 18.3 0.483 620.45 1118.7 55.46 
12 50 0.2 16.8766 0.446 82.6 1029.7 8.02 
13 50 0.5 22.2338 0.587 253 1364.6 18.54 
14 50 0.75 12.1504 0.321 280 734.2 38.14 
15 50 1 15.265 0.403 457 928.9 49.20 
 
 
 
Table A.2: Conductivity and Retained Conductivity Values for Static Conductivity 
Testing 
Gel 
Conc 
Gas 
Rate 
Prop 
Weight 
Prop 
Conc Fracture Cond. 
Ideal 
Cond. 
Cleanup 
Efficiency Test No 
(lb/Mgal) (slm) (gr) (lb/ft2) (md-ft) (md -ft) (%) 
16 30 0.2 19.782 0.522 99.46 1211.3 8.21 
17 30 0.5 21.624 0.571 212 1326.5 15.98 
18 30 0.75 18.351 0.484 328.69 1121.8 29.30 
19 30 1 18.653 0.492 423 1140.7 37.08 
20 50 0.2 21.67 0.572 560 1329.4 42.13 
21 50 0.5 21.343 0.563 572 1308.9 43.70 
22 50 1 20.455 0.540 140 1253.4 11.17 
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Table A.3: Conductivity and Retained Conductivity Values for Dynamic Conductivity 
Testing without Breaker 
Gel 
Conc 
Gas 
Rate 
Prop 
Weight 
Prop 
Conc Fracture Cond. 
Ideal 
Cond. 
Cleanup 
Efficiency Test No 
(lb/Mgal) (slm) (gr) (lb/ft2) (md-ft) (md -ft) (%) 
23 30 0.2 23.6385 0.624 103.98 1452.4 7.16 
24 30 0.75 9.374 0.247 71.26 560.6 12.71 
25 30 1 11.4145 0.301 103.98 688.2 15.11 
26 50 0.2 19.5406 0.516 103.74 1196.2 8.67 
27 50 0.5 23.337 0.616 103.5 1433.6 7.22 
28 50 0.75 21.3176 0.563 123 1307.3 9.41 
29 50 1 23.6385 0.624 191.83 1452.4 13.21 
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APPENDIX B 
FRACTURE CONDUCTIVITY BEHAVIOR FOR DYNAMIC CONDUCTIVITY 
TESTING  
 
0
20
40
60
80
100
120
0 5 10 15 20 25
Time (hours)
k fw
 
(m
d-
ft)
 
 
 
 
 
1
 
Fig B.1: Fracture Conductivity Behavior (Polymer Concentration = 30 lb/Mgal  
and Gas Rate = 0.2 slm) 
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Fig B.2: Fracture Conductivity Behavior (Polymer Concentration = 30 lb/Mgal  
and Gas Rate = 0.5 slm) 
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Fig B.3: Fracture Conductivity Behavior (Polymer Concentration = 30 lb/Mgal  
and Gas Rate = 0.75 slm) 
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Fig B.4: Fracture Conductivity Behavior (Polymer Concentration = 30 lb/Mgal  
and Gas Rate = 1 slm) 
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Fig B.5: Fracture Conductivity Behavior (Polymer Concentration = 40 lb/Mgal  
and Gas Rate = 0.5 slm) 
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Fig B.6: Fracture Conductivity Behavior (Polymer Concentration = 40 lb/Mgal  
and Gas Rate = 0.75 slm) 
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Fig B.7: Fracture Conductivity Behavior (Polymer Concentration = 40 lb/Mgal  
and Gas Rate = 1 slm) 
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Fig B.8: Fracture Conductivity Behavior (Polymer Concentration = 50 lb/Mgal  
and Gas Rate = 0.2slm) 
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Fig B.9: Fracture Conductivity Behavior (Polymer Concentration = 50 lb/Mgal  
and Gas Rate = 0.5slm) 
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Fig B.10: Fracture Conductivity Behavior (Polymer Concentration = 50 lb/Mgal  
and Gas Rate = 0.75slm) 
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Fig B.11: Fracture Conductivity Behavior (Polymer Concentration = 50 lb/Mgal  
and Gas Rate = 1slm) 
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APPENDIX C 
FRACTURE CONDUCTIVITY BEHAVIOR FOR DYNAMIC CONDUCTIVITY 
TESTING WITHOUT BREAKER  
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Fig C.1: Fracture Conductivity Behavior (Without breaker,  
Polymer Concentration = 30 lb/Mgal, and Gas Rate = 0.2 slm) 
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Fig C.2: Fracture Conductivity Behavior (Without breaker,  
Polymer Concentration = 30 lb/Mgal, and Gas Rate = 0.75 slm) 
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Fig C.3: Fracture Conductivity Behavior (Without breaker, 
Polymer Concentration = 30 lb/Mgal, and Gas Rate = 1 slm) 
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Fig C.4: Fracture Conductivity Behavior (Without breaker,  
Polymer Concentration = 50 lb/Mgal, and Gas Rate = 0.2 slm) 
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Fig C.5: Fracture Conductivity Behavior (Without breaker, 
Polymer Concentration = 50 lb/Mgal, and Gas Rate = 0.5 slm) 
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Fig C.6: Fracture Conductivity Behavior (Without breaker,  
Polymer Concentration = 50 lb/Mgal, and Gas Rate = 0.75 slm) 
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Fig C.7: Fracture Conductivity Behavior (Without breaker,  
Polymer Concentration = 50 lb/Mgal, and Gas Rate = 1 slm) 
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